Background. The influence of changes in heart rate on myocardial contractility (the force-frequency effect) differs under various experimental conditions, including the anesthetized versus the conscious state.
However, only recently has there been interest in the influence of stress or changes in adrenergic stimulation on the force-frequency effect.7-9 Because increases in both heart rate and inotropic state occur due to enhanced adrenergic stimulation during exercise, it is difficult to assess the role of the force-frequency effect per se. In the accompanying study, we provide evidence that the force-frequency effect importantly influences left ventricular contractility during exercise,10 suggesting and that this effect may be enhanced by increased adrenergic stimulation. Accordingly, the present study was designed to investigate the effects of direct infusion of a ,B-adrenergic agonist in varying doses on left ventricular contractility and relaxation in resting, conscious dogs subjected to a wide range of heart rates.
Methods
The animals in this study were handled according to the animal welfare regulations of the University of California San Diego. These regulations are in accordance with the animal use principles of the American Physiological Society and the American Heart Associa-tion. The protocol was approved by the animal use committee of this institution.
Animal Preparation
Mongrel dogs of either sex weighing between 26.5 and 35.8 kg were trained to lie on a table before surgical instrumentation. On the day of surgery, dogs were tranquilized with morphine (1.0 mg/kg i.m.) and anesthetized with sodium thiamylal (25 mg/kg i.v.). After endotracheal intubation, anesthesia was maintained with isofluorane (1-2%). Arterial blood gases were measured repeatedly throughout surgery, and ventilatory adjustment was made as necessary to keep Po2 above 150 mm Hg and Pco2 and pH within the physiological range. The heart was exposed through a left lateral thoracotomy in the fifth intercostal space, and the pericardium was opened. A high-fidelity micromanometer (Konigsberg P7) and a Tygon fluid-filled catheter (1.27-mm i.d.) were inserted through a stab wound in the apex to measure left ventricular pressure. The micromanometer was calibrated by matching it to the ventricular pressure through the fluid-filled catheter (Statham P-23Db). Zero pressure reference was taken at the estimated level of the right atrium. Silicon rubber catheters were inserted into the upper descending aorta for measuring arterial pressure. A pair of pacing electrodes was sutured on the left atrial appendage.
For measuring left ventricular wall thickness, pairs of ultrasonic crystals were implanted in the anterior and posterior walls by standard techniques.1" The pericardium was left open, and all wires and the catheters were passed subcutaneously to the back of the dog and brought through the skin between the scapulae. The thorax was evacuated through a chest tube in the sixth intercostal space. Cefazolin (500 mg/kg i.m.) was administered 1 hour before surgery and every 3 hours throughout the procedure for a total of three doses. Protocols Experiments were conducted 1 week or later after surgery, when the animals had recovered fully. All data were obtained with the animal lying quietly on the table.
Our goal was to obtain experiments in which complete data could be obtained over a full range of heart rates (100-210 beats per minute) both under control resting conditions and during dobutamine infusions at different doses. In the first protocol, which was used in seven dogs, the bradycardic agent UL-FS 49 (1,3,4,5- 
propyl]-2H-3-benzazepin-2-on hydrochloride) (0.5-0.75 mg/kg diluted in 10 ml of saline) was injected through the left atrial catheter, and control recordings were obtained 15 minutes later at the intrinsic heart rate and paced heart rates of 90 (when possible), 100, 120, 150, 180, and 210 beats per minute. Atropine (0.1-mg boluses) was used as necessary to prevent atrioventricular block. Data were collected during a steady state at least 30 seconds after the start of each new pacing rate. Dobutamine (low dose, 1.8-3.2 ,g/kg/min; mean, 2.7) was then administered continuously, and after a hemodynamic steady state was obtained, recordings were repeated at the intrinsic heart rate and paced heart rates of 90 (when possible), 100, 120, 150, 180, and 210 beats per minute. The same procedures were repeated with dobutamine infusion at intermediate dose (3.5-6.3 ug/kg/min; mean, 5.4) and high dose (6.8-12.6 ,ug/kg/min; mean, 10.7). In five of the seven dogs, we could not obtain heart rates lower than 120 beats per minute with the higher dobutamine doses; therefore, only two animals in which this protocol was used were included in the final analysis.
A second protocol was used in six dogs in order to obtain slower heart rates during dobutamine infusion. Once a hemodynamic steady state was achieved (approximately 15 minutes after injection of UL-FS 49), control data were obtained at the intrinsic heart rate and with left atrial pacing at the rate of 90 (when possible), 100, and 120 beats per minute; no atropine was administered. Dobutamine at low dose was then infused continuously through the left atrial catheter, and after a hemodynamic steady state was obtained (approximately 5 minutes after the start of dobutamine infusion), data were collected at the intrinsic heart rate and at paced heart rate of 90 (when possible), 100, and 120 beats per minute. Data collection was repeated with dobutamine infusions at intermediate and high doses.
After an interval of at least 30 minutes to allow recovery from the effects of dobutamine, when hemodynamic conditions had returned to the initial control state, atropine sulfate (0.1 mg) was administered through the left ventricular catheter to prevent atrioventricular block, and data collections were repeated at higher heart rates of 150, 180, and 210 beats per minute. Additional atropine was given at a dose of 0.1 mg when necessary. Data were then obtained at the same heart rates during low-, intermediate-, and high-dose dobutamine infusions. Hemodynamic conditions did not return to the initial control state in one of the six dogs, and the remaining five dogs were used in the final analysis.
Except for the availability of lower heart rates in the second protocol, the responses of the heart showed no differences between the two protocols. Therefore, the data from the two protocols were pooled, two dogs from the first and five from the second protocol, giving seven dogs with a full range of heart rates for use in the final analysis.
In pilot studies, we examined the potential influence of UL-FS 49 on hemodynamic variables under resting conditions. This agent has previously been shown to have no direct negative inotropic effects.9,10 In the pilot studies, peak left ventricular (LV) pressure, left ventricular end-diastolic pressure (LVEDP), and LV dP/dtma,, were examined before and after UL-FS 49 in five conscious, resting dogs over a paced range of heart rates from 120 to 210 beats per minute. There were no statistically significant differences in any of these hemodynamic variables in presence or absence of the drug.
Data Acquisition and Analysis
Data at heart rates of 100-210 beats per minute were available for all seven dogs for all parameters except aortic pressure; aortic pressure data were available for six dogs. Data at a heart rate of 90 beats per minute are shown in the tables and figures to show the trend of the data but were not used for statistical analysis because of the lack of sufficient numbers. The number of dogs in each dobutamine subgroup included control, seven; dobutamine low dose, six; middle dose, five; and high dose, four.
Data were recorded on an eight-channel chart recorder (Gould, Brush) and on 1.3-cm magnetic tape (Hewlett-Packard, HP 3955D). Digitized data (250 Hz) were simultaneously recorded on a microcomputer for beat averaging. At least 10 consecutive beats were used for each observation; in five dogs, beats were averaged over 10 seconds. Measurements of myocardial wall thickness were made with a sonomicrometer (Triton Technologies, San Diego, Calif.).
The measured parameters were LV peak systolic pressure, LVEDP, the maximum (positive) and minimum (negative) first derivative of LV pressure (LV dP/dtmax, LV dP/dtmin), mean and minimal aortic pressures, end-diastolic wall thickness (WT), and systolic wall thickening presented as the percent change from the end-diastolic thickness (%WT). End diastole (ED) was defined as the time coincident with the rapid rise of LV dP/dtmax. End systole (ES) was defined as the point of maximal systolic wall thickness within 20 msec before LV dP/dtmin. Percent systolic wall thickening was calculated as (WTES-WTED) x 100/WTED. Either the anterior or the posterior wall thickness crystals were used, the pair showing the largest percent thickening being selected. Four pairs of anterior crystals and three pairs of posterior crystals were used in the analysis.
The ratio of LV dP/dt to developed LV pressure (DP) at a developed LV pressure of 40 mm Hg [(dP/dt)/DP40] was also calculated.
The time constant (r) of isovolumic pressure fall of the LV pressure was determined using data from individual beats from LV dP/dtfin to the time LV pressure had fallen to 10 mm Hg or to an LVEDP equal to that of the subsequent beat, whichever was larger. These pressure and time data were used to calculate r with monoexponential fitting. The correlation coefficients (r) were generally between 0.993 and 0.995, and the lowest r value was 0.991. Residual sums of square (RSS) of curve fitting were mostly within 0.015 (mm Hg)2, and the maximal RSS was 0.018 (mm Hg)2.
Statistical Analysis
Data were analyzed using a two-way, repeated-measures ANOVA with post hoc tests based on t tests for simple effects.12 Comparison with normalized values that have no variance was done using a one-sample t test. A value of p<0.05 was considered significant. For each studied variable, statistical significance was examined in two ways: significances between different heart rates and significances between control and three dobutamine doses. Data are presented as mean+±SD except in the figures in which mean+SEM is used.
Results

Hemodynamic Variables and Wall Thickness
LVEDP was significantly lower than control at higher heart rates, an effect also seen with dobutamine infusions, but LVEDP values at each heart rate during dobutamine infusion were not significantly different from control (Table 1 ). LV peak systolic pressure showed no significant changes between heart rates but was increased during high-dosage dobutamine and at some middle doses. LV pressure at LV dP/dtma,, did not change significantly either between heart rate levels or than the minimal aortic pressure (AoP,,f), although the AoPn,,n decreased at higher dobutamine doses (Table 1) . WTED showed no significant change between dobutamine doses but was significantly greater at higher heart rates. Percent systolic wall thickening (%WT) was significantly reduced at higher heart rates compared with control, and it was significantly higher at the higher dobutamine doses.
Ventricular Contractility Indexes
LV dP/dtmax was not affected by increasing heart rate from 90 to 210 beats per minute under control conditions ( Figure 1A ). However, during dobutamine infusions, LV dP/dtma,, was progressively higher with increasing cardiac frequency, and the positive force-frequency effect was dose dependent ( Figure 1A) ; that is, the increase in LV dP/dtm.,, caused by augmented heart rate was more pronounced as adrenergic stimulation increased. Because LV dP/dt is influenced by preload, the possible influence of LVEDP was analyzed. The ranges of LVEDP were nearly identical for control and each dobutamine dose ( Figure 1B ).
To further evaluate the influence of dobutamine on the force-frequency effect, LV dP/dtm. was expressed as a percentage of the LV dP/dtm.,, at a heart rate of 100 beats per minute for each dobutamine dose (normalized dP/dt%). Normalized LV dP/dtmax did not change during control and was significantly greater at the higher heart rates and the higher dobutamine doses ( Figure 2 ). LV (dP/dt)/DP4o was also studied as an index of contractility, because it has reduced afterload and preload dependency. LV (dP/dt)/DP40 during dobutamine infusions was significantly increased at the higher heart rates in a dose-dependent manner ( Table 2) . Normalized (dP/dt)/DP4o expressed as percent of that at 100 beats per minute also was significantly increased.
Ventricular Relaxation LV dP/dt,,,,i was significantly greater at higher heart rates compared with the control rate, as well as at the higher dobutamine doses ( Table 2 ). The time constant of LV pressure fall (r) was significantly reduced as heart rate was increased under control conditions ( Figure  3A) , and the effect became larger at higher dobutamine doses and was significantly augmented at the highest dobutamine dose ( Figure 3A) . To further evaluate the influence of the force-frequency effect on relaxation during dobutamine infusion, r was normalized as percent of that at 100 beats per minute. Normalized r was significantly reduced at the higher dobutamine doses at higher heart rates, but it was significantly reduced compared with lower doses only at heart rates of 180 and 210 beats per minute during high-dose dobutamine ( Figure 3B ).
Discussion
Force-Frequency Effects on Myocardial Contractility and Relaxation
The present study demonstrates that whereas a forcefrequency effect on myocardial contractility assessed by LV dP/dtma, was not apparent over a wide range of heart rates under control resting conditions, it was enhanced between dobutamine doses, and it was always lower by dobutamine in a dose-dependent manner. This indi- cates that the increase in basal inotropic state induced by adrenergic stimulation can change the manifestation of the force-frequency effect. The lack of a demonstrable force-frequency effect under basal conditions in the present study undoubtedly reflects the well-known sensitivity of LV dP/dtmax to ventricular preload; because LV end-diastolic pressure fell as heart rate increased ( Figure 1B) , this effect would tend to reduce dP/dt and hence could offset an increase in LV dP/dtm. caused by the force-frequency effect observed in studies when preload was held constant, or load-independent contractility measures were used, as discussed further below.
Based on our findings, it may be expected that when basal inotropic state is elevated by anxiety or exercise, the force-frequency effect will be enhanced. The Ca2' transient has been shown to increase with augmented frequency of contraction in isolated cardiac muscle.13 with ganglionic blockade are in general agreement with our observations. In that study, high-dose dobutamine infusion (10 ,ug/kg/min) at two cardiac frequencies (160 and 200 beats per minute) appeared to cause a larger increase in the slope of the end-systolic pressurevolume relations (Bes) between the two frequencies than under control conditions; at matched left ventricular end-diastolic volumes, there was no significant increase in LV dP/dtmax between 160 and 200 beats per minute under control conditions, but during high-dose dobutamine, this change was larger and statistically significant. Although these studies were not in conscious animals and examined only a single change in cardiac frequency with a single drug dose, they provide evidence that an additive interaction occurs between adrenergic stimulation and the force-frequency effect. Moreover, the effect observed in that study was evident in the absence of UL-FS 49, suggesting that there was not a direct influence of that agent in our study.
Early investigations in the left ventricles of anesthetized dogs with a right heart bypass preparation in which hemodynamic conditions could be controlled showed a positive force-frequency effect on myocardial contractility.4 More recently, Suga et al16 used the end-systolic pressure-volume relation (ESPVR) to evaluate contractility under controlled conditions in anesthetized animals and reported that an increase in heart rate over the range from 100 to 160 beats per minute had minimal effects on the ESPVR, whereas Maughan et al17 demonstrated in a similar animal preparation that the ESPVR slope increased over a frequency range from 60 to 120 beats per minute but showed little change in the range between 120 and 180 beats per minute.
In conscious animals, poststimulation potentiation has been demonstrated,18 but Noble et al'9 reported that myocardial contractility was unaffected by a change in heart rate over the range of 90-190 beats per minute. Arentzen et al20 also reported that steady-state changes in contraction frequency did not significantly alter LV dP/dt over a heart rate range from 100 to 200 beats per minute. In studies by Higgins et al,2' LV dP/dt increased only slightly (14%) over a heart rate range from 94 to 220 beats per minute when filling pressure was main- rate was augmented, as might be expected, but to a lesser degree than Bes; these investigators also studied two animals treated with propranolol and atropine and found a significant force-frequency effect in the autonomically blocked dogs by Be, and dP/dt analysis. 22 Whether the force-frequency effect was significantly less marked than without blockade because of the mild negative inotropic action of 3-blockade was not analyzed. Spratt et a123 reported earlier that changes in heart rate had minimal effects on Be,. There are studies in human subjects showing either a positive forcefrequency effect24 or little change. 25 These widely differing results may be influenced by the differences in the experimental setting, in which preload varied or was controlled, and the basal inotropic state undoubtedly differed as well. Also, various indexes were used to evaluate changes in contractility. It seems likely in the present studies in conscious, resting dogs that the lack of a significant force-frequency effect over a wide heart rate range under control conditions was observed for two reasons: First, the index of contractility used is preload sensitive, and LVEDP progressively fell with increased heart rates; second, the basal inotropic state was not enhanced under these experimental conditions in conscious, resting dogs.
LV dP/dt,, as a Contractility Index
As an index of contractility of the whole heart, isovolumic phase measures (mainly LV dP/dtm,,_) have frequently been used, although recently an end-systolic index (the slope of the end-systolic pressure-volume relation) has been used because of its load independence. The latter approach has some disadvantages in conscious animals because it is technically complicated to use; reflex effects can occur with changes in loading, and accurate measurement of ventricular volume measurement may be difficult over a wide range of loading conditions. Moreover, end-systolic measures are somewhat less sensitive to changes in inotropic state than LV dP/dtma,.26 0n the other hand, LV dP/dtmax, although highly sensitive to acute changes in inotropic state and easy to measure accurately with a micromanometer,26-29 is known to be dependent on changes in preload. 27, 29, 30 In this study, LVEDP progressively decreased with increases in heart rate, and the effect of LVEDP alone would be to diminish LV dP/dtma,,, with underestimation of any force-frequency effect in this setting. Thus, under control conditions, there appeared to be no forcefrequency effect on contractility; presumably, it Vas masked by the reduced LVEDP and LV end-diastolic volume. Such a response might explain the lack of a force-frequency effect in some studies in which preload was not held constant, whereas in a previous study in this laboratory, a potentiating effect (poststimulation potentiation) in conscious dogs was demonstrated by studying LV dP/dtmax in the first beats after cessation of the heart rate increase, when LVEDP had increased to the prepacing value.18 Another possible limitation of the use of LV dP/dt,,m as a contractility index is the influence of minimal aortic pressure on dP/dtma,,; when minimal aortic pressure is low, dP/dtma,, may be underestimated, because dP/dtma,, cannot reach a maximum before aortic valve opening.31,32 However, LV dP/dt ma is largely independent of changes in afterload, provided dP/dtma, occurs before aortic valve opening.28,33 In our study, the LV pressure at LV dP/dtm,, was always lower 90 k than the AoPIIl,f. Also, LV (dP/dt)/DPo occurs before aortic valve opening and is less sensitive to changes in preload and afterload, and this index showed almost the same results as LV dP/dtm,,,. Therefore, in the present study, it was possible to use LV dP/dtma,, to evaluate the 13-adrenergic effect on the force-frequency relation because the preload changes for control and three dobutamine doses were identical ( Figure 1B) , and afterload effects were insignificant. It has been shown that dobutamine infusion can increase the slope of the relation between LV dP/dtm. and LV end-diastolic volume during vena caval occlusion, such that dP/dt.ma is increased more by dobutamine at higher than at lower preloads.30 However, our conclusion that a dose-dependent dobutamine influence on the force-frequency effect exists would not be affected by such a phenomenon, because a larger preload existed at lower heart rates, when the smallest forcefrequency effect on LV dP/dt.ma, was observed both at control and during dobutamine infusions (Figures 1A  and 1B) , and vice versa. Thus, the effect of dobutamine on the force-frequency effect was probably underestimated by the methods used.
Force-Frequency Effect and Relaxation
We observed a consistently more rapid relaxation with increasing cardiac frequency under control conditions, as reported previously,22 which was further enhanced with the highest dobutamine dose. The effect of heart rate and inotropic agents on myocardial relaxation has been studied by many investigators. Weiss et a134 reported only a slight influence of heart rate on the time constant (X) of left ventricular pressure fall, but it has been shown in subsequent studies to be shortened by higher heart rate,35-37 and catecholamines abbreviate r both in animal models and in human subjects.34-36 r also has been shown to be lengthened with volume loading38 and with increased afterload39 and was shown to decrease during exercise in humans40 and in normal experimental animals. 41 However, the effect of catecholamine infusion on the force-frequency effect in terms of relaxation has received little attention.
The time constant (r) of LV pressure fall is a standard index of LV isovolumic relaxation, but debate exists about the methods of assessing r, including approaches to curve fitting. Conventionally, the LV pressure fall has been fitted to a monoexponential equation with a fixed asymptote of 0 mm Hg P=Aet. 34 However, Thompson et a142 reported that monoexponential fitting with variable asymptote (P=Ae&+B) yields better results. Yellin et al43 examined these two approaches, assessing the LV pressure fall in nonfilling ventricles in which the true time constant could be measured, and concluded that when r is calculated using the conventional monoexponential formulation assuming zero pressure asymptote, there was no significant difference from the true value and that the conventional method yielded a better estimate of true r than the variable asymptote. Another debate has concerned which portion of the LV pressure curve should be assessed. By definition, the pressure curve during isovolumic relaxation should be used, i.e., from closure of the aortic valve to the opening of the mitral valve. Usually, analysis begins at or after LV dP/dtmjn, and we used this approach. However, there is no general agreement as to when the analysis should end, and often, it is not possible to determine the time of mitral valve opening. The end of isovolumic relaxation generally has been assumed to occur at the LVEDP of the subsequent beat or a somewhat higher pressure; in this study, large changes in heart rate produced a wide range of LVEDP, and we used 10 mm Hg or the LVEDP of the subsequent beat, whichever was higher.
The validity of monoexponential fitting can be estimated from the correlation coefficient r and RSS of the curve fitting. Thompson et al42 suggested that the r value offers little guidance to the validity of the estimate of r, because the predicted course could deviate from a monoexponential despite a good value (r= -0.98), but Freeman et al,22 in their study on the influence of heart rate, which used monoexponential analysis with a variable asymptote, used RSS. In the present study, both the r values (the smallest r value was 0.991) and RSS (the maximal RSS was 0.018 [mm Hg]2) were within acceptable ranges, suggesting that our estimate of r was satisfactory.
The mechanism of the observed further enhancement of relaxation by force-frequency effect in the presence of ,B-adrenergic stimulation is not clear but, as mentioned, the calcium transient is not only increased but shortened with augmented contraction frequency. 13 13-Adrenergic stimulation is known to increase the rate of sarcoplasmic reticular Ca'+ reuptake15 and appears to complement the enhanced relaxation caused by the force-frequency effect alone. It is also possible that r might have been affected by enhanced restoring forces secondary to the augmented ventricular emptying effect generally produced by dobutamine.
Limitations
Certain potential experimental limitations must be considered in interpreting our results. The specific bradycardiac agent UL-FS 49 was used to lower the sinus node rate and is considered to have little or no effect on other cardiovascular parameters, including inotropic state. 44 In our laboratory, both in dogs and pigs, a direct negative inotropic effect has not been demonstrated. 45, 46 As reviewed in detail in association with the accompanying study from this laboratory,10 because this drug has a relatively specific effect on the sinoatrial node, it also seems unlikely that UL-FS 49 per se had an inotropic influence on the ventricles with increasing heart rates during adrenergic stimulation. Atropine was used in some of the studies, but in our second protocol, atropine was not given in studying the influence of dobutamine on force-frequency relations at lower heart rates (90-120 beats per minute), and these responses did not differ from those in the initial protocol in which atropine was used. Finally, it should be noted that the findings in this study were obtained from normal hearts, and the effects of adrenergic stimulation on the force-frequency relation remain to be evaluated under pathological conditions.
